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Koala retrovirus (KoRV) is a gammaretrovirus which may induce immune suppression, leukemia
and lymphoma in koalas. Currently three KoRV subgroups (A, B, and J) have been reported. Our
phylogenetic analysis suggests that KoRV-B and KoRV-J should be classiﬁed as the same subgroup.
In long terminal repeat (LTR), a KoRV-B isolate has four 17 bp tandem repeats named direct repeat
(DR)-1, while a KoRV-J isolate (strain OJ-4) has three 37 bp tandem repeats named DR-2. We also
found that the promoter activity of the KoRV-J strain OJ-4 is stronger than that of original
KoRV-A, suggesting that KoRV-J may replicate more efﬁciently than KoRV-A.
 2013 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Koalas (Phascolarctos cinereus) inhabit the forests of eastern
Australia. Based on genetic and morphological analyses, koalas
are known to be divided into distinct northern and southern
populations. Leukemia, lymphoma and chlamydiosis are common
diseases identiﬁed in northern koalas, which continuously contrib-
utes to the decrease of the number of northern koala population
[1–3]. Retroviral particles have been observed in leukemic koalas,
and Canﬁeld et al. (1988) suspected that leukemia and lymphoma
were related to gammaretroviruses (type C retroviruses) [4].
Hanger et al. succeeded in isolating koala retrovirus (KoRV) and
determined its entire nucleotide sequence [5]. Interestingly, KoRV
was found to be genetically closely related to gibbon ape leukemia
virus (GALV) [5]. Moreover, Tarlinton et al. reported that KoRV
proviruses are present in almost all northern koalas, but absent
in the genomes of some populations of southern koalas [6]. These
observations indicate that the invasion by KoRV into the koala
genome occurred recently, and suggest that KoRV is a unique
retrovirus in the midst of endogenization [6,7].
In 2006, Oliveira et al. identiﬁed the receptor for KoRV, Pit-1
(phosphate symporter), which is known to be a receptor for both
GALV and feline leukemia virus (FeLV) subgroup B (FeLV-B) [8].We isolated KoRVs (strain OJ-1 to OJ-5) from koalas in Kobe
Municipal Oji Zoo (Kobe, Hyogo, Japan) in 2007 [9]. Sequencing
analyses of the isolates has revealed that there are four genotypes,
tentatively named A, J, C, and D (representative clones #11-5, #11-
4, #11-2, and #11-1, respectively), which are different in a putative
receptor-binding domain (variable region A [VRA]) from each
other. One genotype (#11-5) among them is similar to the original
KoRV (KoRV-A), which has been reported in Australia [5]. The
envelope protein (Env) of a newly found KoRV genotype (#11-4),
named KoRV-J, was found to be functional (i.e., competent for cell
entry) by pseudotype assay [10]. The pseudotype virus bearing
KoRV-J Env infects several mammalian cell lines including human
cells. The KoRV-J pseudotype virus interferes with FeLV subgroup A
(FeLV-A) and utilizes thiamin transport protein 1 (THTR1) to infect
cells [10]. KoRV-J seems to be exogenous in koalas and is transmit-
ted from infected koalas to uninfected koalas horizontally [10]. In
Japanese zoos, KoRV-A has been detected in all northern koalas
tested and 4 out of 11 southern (Victorian) koalas. In contrast,
KoRV-J has been detected in 67.5% of northern koalas, but not in
southern koalas [10]. Quite recently, an American research group
reported a new KoRV subgroup, named KoRV-B, isolated from a
koala in Los Angeles Zoo (LAZ) [11]. Importantly, KoRV-B also
utilizes the THTR1 to infect cells and seems to be an exogenous
retrovirus. Three out of six koalas infected with KoRV-B have
developed lymphoma in LAZ, and it is suspected that the KoRV-B
infection caused the lymphoma [11]. In the present study, we
compared the nucleotide sequences of KoRV-J and KoRV-B in env
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promoter activities of LTRs derived from KoRV-A and KoRV-J.2. Materials and methods
2.1. Comparison of Env sequences of the KoRV isolates
We obtained amino acid sequences of KoRV and GALV env genes
from the GenBank database as follows: KoRV-A strain Aki clone
#522 (BAM67147 [12]), KoRV-A strain Cindy (AAF15099 [5]),
KoRV-A strain OJ-4(A) clone #11-5 (AB823238 [10]), KoRV-C strain
OJ-4(C) clone #11-2 (AB828004 [10]), KoRV-D strain OJ-4(D) clone
#11-1 (AB828005 [10]), KoRV-J strain OJ-4(J) clone #11-4
(AB822553 [10]), KoRV-B strain Br2-1CETTG (AGO86848 [11]),
GALV-X (U60065 [13]) and GALV-SF (NC_001885 [14]). A multiple
alignment was computed by using an L-INS-i program in the
MAFFT software package [15]. We then applied ProtTest3 to the
aligned amino acid sequences to estimate the most appropriate
model of amino acid replacement [16], and selected JTT model
with gamma distribution of rates [17]. With the alignment and
JTT model, RAxML version 7.2.6 was utilized to construct maxi-
mum likelihood based phylogenetic tree [18].
2.2. Comparison of LTR sequences of the KoRV isolates
To determine the nucleotide sequence of the entire LTR of
KoRV-J strain OJ-4, long range PCR was performed using genomic
DNA of human embryonic kidney (HEK) 293T cells chronically
infected with KoRV strain OJ-4 [9], and nucleotide sequences were
determined by direct sequencing. 50 LTR was ampliﬁed using prim-
ers targeting U3 (forward primer) and VRA of KoRV-J env (reverse
primer) (Fig. 1). A partial 30 LTR (U3 and R regions of LTR) was also
ampliﬁed using primers targeting VRA of KoRV-J env (forward
primer) and R (reverse primer) (Fig. 1). Primers were designed0 1 2 3 
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Fig. 1. (A) Cloning strategy of KoRV-J LTR and primer positions. Arrows indicate primer
primer to amplify KoRV LTRs. (B) Constructs of reporter plasmids used in this study. Abbre
simian virus 40 promoter; HSV TK pro, herpes simplex virus thymidine kinase promotebased on the published nucleotide sequence of the original
KoRV-A (AF151794.2) [5] and KoRV-J (AB822553) [12]. The nucle-
otide sequence of the 50 end of the U3 sequence, which was used
for the primer for PCR to amplify the 50 LTR, was determined by
sequencing the nucleotide sequence of the U3 region of the 30 LTR.
2.3. Luciferase assay
To compare the promoter activities of KoRV-A and KoRV-J, LTR
reporter plasmids containing U3/R region of LTRs from KoRV-A
(strain Cindy) [5], KoRV-J (strain OJ-4) [10], and FeLV-B (strain
Gardner–Arnstein) [19] were constructed by inserting the U3/R re-
gion of LTRs into pGL3 Basic Luciferase Reporter Vector (Promega
Corp., Madison, WI, USA), and designated as pGL-KA-LTR, pGL-KJ-
LTR and pGL-FB-LTR, respectively (Fig. 1). The detailed procedure
for the plasmid construction is available on request. As a positive
control, pGL3-Control vector (Promega) containing SV40 promoter
and enhancer upstream of the luciferase gene was also used
(Fig. 1). As an internal control, we used pRL-TK (Promega) contain-
ing Renilla luciferase reporter gene under the control of herpes sim-
plex virus 1 thymidine kinase promoter (Fig. 1). HEK293 (a human
embryonic kidney cel line; ATCC, CRL-1573), PtK2 cells [a long-
nosed potoroo (Potorous tridactylis) kidney cell line; ATCC,
CCL56], and human lymphoid/myeloid cell lines [Jurkat (acute T cell
leukemia; ATCC, TIB-152), Raji (Burkitt’s lymphoma; ATCC, CCL-86),
U-937 (histiocytic lymphoma; ATCC, CRL-1593.2), THP1 (acute
monocytic leukemia; ATCC, TIB202), and K-562 cells (chronic
myelogenous leukemia; ATCC, CCL-243)], were transfected with
each reporter plasmid (1.9 lg) and pRL-TK (0.1 lg) by using Amaxa
Nucleofector (Lonza Cologne AG, Cologne, Germany) according to
the manufacturer’s instructions. The long-nosed potoroo is a small
marsupial. Twenty-four hours after transfection, the luciferase
activities were measured using a Dual-Luciferase Reporter Assay
System (Promega) with a Lumat LB9507 (Berthold Technologies,
Calmbacher, Bad Wildbad, Germany), according to the4 5 6 7 8 9 
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Fig. 2. Comparison of Env amino acid sequences of KoRV isolates and GALVs. Differences in amino acid sequences are highlighted. Abbreviations: SP, signal peptide; PHQ, PHQ
motif; VRA, variable region A; CETTG, CETTG motif; VRB, variable region B; PRR, proline rich region; RX(K/R)R, furin cleavage site; ID, immunosuppressive domain.
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ized using the Renilla luciferase activity of pRL-TK in each cell line.
3. Results and discussion
3.1. Multiple alignment of Env amino acid sequences
The multiple alignment of Env amino acid sequences obtained
from KoRV-A, KoRV-J, KoRV-B, GALV-X and GALV-SF was shownin Fig. 2. Their accession numbers and references are shown in
Materials and methods. The amino acid sequences of KoRV-B
(strain Br2-1CETTG) and KoRV-J (strain OJ-4) are 91.8% identical
and the variability was mainly found in the proline rich region
(PRR) of Env in KoRV-B and KoRV-J. The amino acid sequence of
VRA, a putative receptor binding site, is strikingly similar between
KoRV-B and KoRV-J. This data coincides with the fact that both
subgroups utilize the THTR1 to infect cells [10,11]. The CETTG
motif, which is involved in fusion activity [20], is disrupted by
Fig. 3. Maximum likelihood (ML) trees of the amino acid sequences of env genes of KoRV and GALV isolates. The tree was constructed based on the multiple alignment of (A)
entire Env sequences and (B) the sequences excluding putative recombination sites. Numbers at the nodes indicate percentage of rapid bootstrap values (1000 replicates).
44 S. Shimode et al. / FEBS Letters 588 (2014) 41–46mutations in KoRV-J and KoRV-A, but not in KoRV-B. KoRV-J had a
substitution of Gln with Arg in the PHQ motif, which is important
for the fusion activity [21]. In addition, PRR has been linked to
differences in fusogenicity of distinct murine leukemia virus [22];
therefore, fusogenic activities of KoRV-B and KoRV-J might be
different. The immunosuppressive domain [7] in the
transmenbrane Env subunit was conserved in these subgroups.
Other important motifs that inﬂuence the functions of EnvKoRV-A
KoRV-B
KoRV-J
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Fig. 4. (A) Comparison of nucleotide sequences of LTRs derived from KoRV-A, KoRV-B an
nucleotide sequences are highlighted. Transcription regulatory signals such as the CAAT s
The accession numbers of each nucleotide sequence used for the analysis were as fol
AB839175.1 for KoRV-J strain OJ-4 (clone #11-5). (B) Schematic diagram of LTR U3 regiand/or the viral infectivity were highly conserved in the three
subgroups. We identiﬁed putative recombination sites in VRA,
VRB, and PRR (Fig. 2).
3.2. Phylogenetic analysis
Phylogenetic analysis of Env sequences using the maximum
likelihood approach reveals that KoRV isolates clustered togetherDR-1 (18nt)
DR-2 (37nt)
CAAT TATAAA
d KoRV-J. Direct repeat 1 (DR-1) and direct repeat 2 (DR-2) are boxed. Differences in
equence, TATA box (TATAAA), and polyadenylation signal (AATAAA) are underlined.
lows: AF151794.2 for KoRV-A Cindy; KC779547.1 for KoRV-B strain Br2-1CETTG;
on of KoRV subgroups.
0 
10 
20 
30 
40 
50 
60 
70 
SV40  FeB  KoA KoJ 
RL
U
 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
RL
U
 
HEK293 PtK2 
SV40  FeB  KoA KoJ 
Jurkat Raji THP1 
RL
U
 
0 
2 
4 
6 
8 
0 
2 
4 
6 
8 
10  
RL
U
 
U-937 K-562 
(A) 
0 
10  
20  
30  
0 
1 
2 
3 
4 
0 
0.4  
0.8  
1.2  
SV40  FeB  KoA KoJ 
SV40  FeB  KoA KoJ SV40  FeB  KoA KoJ SV40  FeB  KoA KoJ 
SV40  FeB  KoA KoJ 
RL
U
 
RL
U
 
RL
U
 
(B) 
(C) (D) (E) 
(F) (G) 
* 
* 
* 
* * 
* 
* * 
* 
* 
** 
** 
** 
** 
** 
** 
** 
* * 
** ** 
** ** 
** * ** 
** 
** 
** * 
* 
Fig. 5. Comparison of promoter activity of KoRV LTRs. The relative luciferase activity of each LTR reporter plasmid was measured in HEK293 (A) and PtK2 (B), Jurkat (C), Raji
(D), THP1 (E), U-937 (F), and K-562 cells (G). The ﬁreﬂy luciferase activity of each reporter plasmid relative to Renilla luciferase activity is shown to normalize the transfection
efﬁciency. Values are the means ± standard errors of data from three independent experiments in triplicate. Statistical analysis was performed by a student’s t-test.
Differences which were considered to be signiﬁcant at P < 0.05 () and P < 0.01 () were indicated by asterisks. Abbreviations: RLU, relative luciferase activity units; FeB, FeLV-
B; KoA, KoRV-A; KoJ, KoRV-J.
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and KoRV-D (strain OJ-4 clone #11-1) are subclustered together. A
similar topology of the phylogenetic tree was obtained using the
amino acid sequences excluding putative recombination sites
(Fig. 3B); however, KoRV-C (strain OJ-4 clone #11-2) and KoRV-D
(strain OJ-4 clone #11-1) seemed to have evolved from the
KoRV-A (strain OJ-4 clone #11-5) by mutations and recombination
in the Queensland koala (named Ram) from which strain OJ-4 was
isolated [9].
3.3. Comparison of LTR sequences
Next, we compared the LTR sequences of KoRV-A (strain
Cindy), KoRV-B (strain Br2-1CETTG), and KoRV-J (strain OJ-4
clone #11-4) (Fig. 4). Although the KoRV-B isolate has four tan-
dem repeats (17 bp), named direct repeat (DR)-1, containing a
core enhancer-like sequence [23], the KoRV-J isolate has another
37 bp tandem repeat, named DR-2 (Fig. 4). We found several
transcriptional factors which could bind to the U3 region of
LTR by using the computational program MATCH (public version
1.0) with the TRANSFAC Public 7.0 database [24]. In the DR-1,
potential enhancer binding sites for AML1A and C/EBP were
present (data not shown). In the DR-2, several DNA binding pro-
teins, such as Oct-1, C/EBP, and Pax4 were predicted as possible
transcription factors (data not shown). Although it is unknown
whether these transcriptional factors bind to the U3 region, the
tandem repeats of DR-1 and DR-2 may positively inﬂuence the
viral promoter activity in the cells.
3.4. Comparison of promoter activities
We compared the promoter activities of KoRV-A (strain
Cindy) and KoRV-J (strain OJ-4) by the luciferase assay.Unfortunately, KoRV-B cDNA clones are not available, and we
could not have measured the promoter activity of KoRV-B in this
study. As shown in Fig. 5A and B, the transcriptional activity of
the KoRV-J isolate was signiﬁcantly higher than that of the
KoRV-A isolate in both HEK293 and PtK2 cells. Lower activities
of KoRV-J and KoRV-A than that of FeLV-B in HEK293 cells
may be due to the difference in adaptation to eutherian mam-
mals. We then measured the promoter activity in several human
lymphoid/myeloid cell lines, Jurkat, Raji, U-937, THP1, and K-562
cells (Fig. 5C–G) to know the promoter activities of KoRVs in
hematopoietic lineages. The promoter activities of KoRV-A and
KoRV-J were generally lower than that of FeLV-B; however, the
promoter activity of KoRV-J was signiﬁcantly higher than that
of KoRV-A in K-562 cells. Some transcriptional factors may play
a role in the activation of KoRV-J LTR-driven transcription in the
myeloid cells line, K-562 cells.4. Conclusions
In this study, phylogenetic analysis revealed that KoRV-J and
KoRV-B isolates are clustered together. Further, both KoRV-J and
KoRV-B isolates utilize the THTR1 to infect cells [10,11] and amino
acid sequence of VRA, a putative receptor binding domain, is nearly
identical in these subgroups. Based on the criteria for classifying
subgroups [25], KoRV-J and KoRV-B should be classiﬁed as the
same subgroup. The promoter activity of KoRV-J (strain OJ-4)
was stronger than that of KoRV-A (strain Cindy) in PtK2 cells de-
rived from potoroos and K-562 cells derived from human myelog-
enous lymphoma. From this data, we consider that the KoRV-J
isolate may replicate more efﬁciently than the original KoRV-A in
koalas, especially in myeloid cells. The relationship between the
infection status of KoRV-J and diseases in koalas reared in Japanese
zoos are now under investigation.
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